Investigation into the production, characterization and application of ferrate(VI) in water and wastewater treatment to enable metal removal through oxidation and coagulation processes and recommended in perspective for AMD treatment as a sustainable process.
This paper aimed at reviewing different research work done on the synthesis of ferrate(VI) salts of potassium and or sodium, their applications in industrial wastewater, municipal sewage and water treatment. In this review, it was found that ferrate(VI) salt can exhibit more than one function in water and wastewater treatment as this chemical can take the roles of coagulants, flocculants, antioxidant, bactericide or disinfectant, and oxidant. Despite these properties, its availability on the market in a solid state is still a big problem due to its high cost and difficulties during its production as well as its chemical instability. Furthermore, suitable methods or procedures for manufacturing pure and stable ferrate(VI) salts were established in the past decades but are too expensive to produce sufficient quantities required for a large-scale water and wastewater treatment. Current ferrate synthesis methods include wet chemical oxidation, dry and electrochemical techniques. Among them, the wet oxidation method is the most applicable and safe to generate ferrate(VI) as dry and electrochemical methods can provoke detonation due to elevated temperatures and high concentration of electrolytes used, respectively. Some analytical techniques used to characterise and to quantify the ferrate(VI) products are scanning electron microscope, X-ray diffraction, infrared spectrometry, Mössbauer, ultraviolet-visible spectroscopy, thermogravimetric analysis, and volumetric methods. Several studies have been conducted to evaluate ferrate stability and its effective application in water and wastewater treatment. However, these studies showed that ferrate(VI) can oxidise or degrade organic pollutants such as pharmaceuticals, illicit drugs, and can also destroy or eliminate suspended particulate organic matter in a single mixing and dosing unit procedure. The stability of ferrate(VI) was found to depend on concentration, pH, and temperature of the solution, and coexistence of ions in the solution. Lately, most researchers stated that ferrate(VI) can also be applied to treat different emerging micro-pollutants, viz., personal care products, industrial
INTRODUCTION
Drinking water, domestic sewage and industrial effluent treatments are generally performed distinctively where different pollutants or contaminants are partially eliminated or completely degraded by the application of progressive modern technologies. There are various ways of water and wastewater treatments, which are based on different criteria. Conventional wastewater treatment consists of preliminary, primary, secondary and tertiary treatments that are based on biological, physical and chemical processes. For example, suspended solids, oil and small debris are removed during the primary treatment for municipal wastewater treatment while some physical parameters and phenols are reduced or removed in the secondary treatment. The most common biological process of wastewater treatment is a treatment with activated sludge. Bacteria, protozoa and microscopic metazoa use organic matter from wastewater as food and enhancement of biomass. Biological treatment offers high quality removal of suspended solids, 5-day biochemical oxygen demand (BOD5) and nutrients and waste sludge can be used in composting. Conventional biological treatment is highly efficient, uses less space compared to non-conventional treatments and their functioning is not dependent on outdoor conditions. Some of the disadvantages of these treatments are the constant high electrical energy requirements and the design, supervision, maintenance, and the general cost of construction that would require highly skilled workers [1] . The chemical pollution purification and subsequent reuse of treated water is performed in the tertiary treatment using electrodialysis, ion-exchange, oxidation, membrane ultrafiltration and reverse osmosis techniques [2] . These stages for conventional wastewater treatment to generate potable water consume a huge amount of energy through constant stirring, aeration and pumping at high pressure to generate treated water of either industrial or potable quality. Other wastewater treatment stages such as flocculation, coagulation and neutralisation are also characterised by limited effectiveness as they do not completely remove different pollutants usually found in environmental matrices. Although these techniques are commonly applied in water and wastewater treatment, some of them are known to produce toxic by-products, use too much and expensive neutralising agents (e.g. lime) especially in the case of acid mine drainage treatment. To solve this problem, however, advanced oxidation processes (AOPs) were being given serious consideration as an alternative to the existing water treatment procedures [3] . However, these AOPs normally use free radicals produced by various methods [4] [5] [6] . These free radicals contain unpaired valence electrons, which react to oxidize a wide range of microcontaminants, making them useful in water and wastewater treatment. One of the earliest methods of producing hydroxyl radicals in industrial waters was the use of Fenton's reagent, using ferrous iron (Fe 2+ ) to decompose hydrogen peroxide (H 2 O 2 ) to form OH before being reduced back to ferrous iron to produce another radical and water [7] . However, the use of AOPs involving the hydroxyl radical can increase oxidation of contaminants due to the radical's higher reactivity when compared to ozone or other conventional oxidants. Hydroxyl free radicals are strong oxidants with an oxidation potential of 2.80 V compared to ozone (2.07 V) and chlorine (1.36 V) and can oxidize organics including Review those resistant to ozone such as some pesticides and volatile organic compounds. Methods commonly used to generate hydroxyl radical now include combinations of ozone and ultraviolet radiation with hydrogen peroxide. Ozone can react with hydrogen peroxide or, through a series of reactions involving hydroxide ions, form the hydroxyl radical [7] . Nowadays, researchers are no longer using free radicals because of expensive reagents such as ozone and long process to produce them. Another promising AOP that has been currently investigated to treat water and industrial wastewater is ferrate(VI) in the form of either potassium ferrate(VI) or sodium ferrate(VI). This AOP can concurrently act either as a disinfectant, coagulant or oxidant in a single mixing and dosing unit procedure [8] . The ferrate(VI) ion (FeO 4 2-) is a typical oxyanion of iron with an oxidation state +6, which has an orthorhombic structure and a tetrahedral form when different ferrate(VI) salts are dissolved in water [9] . Its structure is very close to those of chromate and permanganate oxyanions, wherein four oxygen atoms are covalently attached to a central iron atom [10, 11] . Even if chromate and permanganate can also be used as strong oxidants, researchers reported them to generate hazardous by-products (chromium and manganese) in water and wastewater treatment.
In general, iron usually exists as a metallic iron with zero valence, +2 and +3 in ferrous and ferric forms. The most known of these ferric or ferrous oxides include hematite, wuestite, magnetite, hypoferrite, ferrite, goethite, and akageneite [12] . Some of them such as magnetite and akageneite are currently utilised as powerful adsorbents in water, brine water and industrial wastewater treatment [13, 14] . Iron can also appear in different forms with high oxidation states such as ferrate(IV) [15, 16] . However, the ferrate(VI) ion has been studied progressively in the past years amongst other ferrate salts as a powerful flocculant, coagulant and disinfectant of emerging micropollutants [9, [17] [18] [19] and also as a strong oxidant of inorganic and organic compounds in water and industrial wastewater treatment processes due to its high oxidation potential in wide range of pH values [20] [21] [22] [23] [24] [25] [26] [27] . Over this entire pH range, ferrate(VI) can oxidise different pollutants by substituting existing oxidants of environmental concern (chlorine, chromate, permanganate, chloramines and ozone), that can cause the production of many disinfectant by-products (DBPs) of concern [9, 19, 28, 29] . Some occurrences of generated lethal DBPs that have been revealed to be cancer-causing in humans and animals include trihalomethanes [30] . These pollutants are normally generated when chlorinated disinfectants and chlorine are utilised to remove microbial pollutants from water by reacting with naturally-occurring inorganic and organic materials [21, 31, 32] . Epidemiological studies also recommended some relationship between the drinking water treated with the chlorine and the prevalence of colon, bladder and rectal cancer [30, 33] . Comparing with chlorination treatment, the by-products being generated through the application sequestration of ferrate(VI) salts are environmentally-friendly ferric-based chemicals, that can also be served as an effective coagulant in water and wastewater treatment [22, 24, 34] . Ferrate(VI) has also been applied in different fields such as non-chlorine oxidation for pollutant remediation, catalyst in the green chemistry synthesis and in the fabrication of a super iron battery [34, 35] . Moreover, the ferrate(VI) can also provide an environmentally-friendly high energy density cathode for battery and exhibits different properties such as high functional group selectivity as well as high oxidising power [21] . The redo potentials of ferrate(VI) vary from +2.20 V (Eº FeO 4 2-/Fe 3+ ) to +0.72 V [Eº FeO 4 2-/Fe(OH) 3 ] in acidic (pH=1) and alkaline (pH=14) solutions, respectively (30, 36, 37] . Application of ferrate(VI) as a powerful steriliser in water and industrial waste effluent treatments has been widely reviewed by Machala et al. [38] . The oxidization and disinfection capacities of commonly used compounds in water and wastewater treatment are presented in Figure 1 , which is easily comparable to ferrate(VI). In some studies, the results suggested a permanent inactivation of bacteria by ferrate(VI) with a kill rate of 99.9%, while a significant resistance of bacteria to chlorination treatment was highlighted [39, 40] . Ferrate(VI) is also beneficial in the coagulation process where it can be used in a pre-oxidation stage of the water treatment [41] . Notably, all the above properties of ferrate(VI) can thus made it be utilised in a single dose for reuse and recycling of water and wastewater [38] . According to its exceptional properties, ferrate(VI) have encouraged several investigators to examine its effectiveness in water and wastewater treatment in comparison with other coagulants and oxidants such as ferric sulphate, chlorine, sodium hypochlorite, aluminum sulphate, ozone, ferric chloride, and chlorine dioxide [40] . However, the challenges have been raised for the application of ferrate(VI) technology in practice due to the high production cost of solid ferrate(VI) products or chemical instability of a ferrate(VI) solution [42] . To reach an effective treatment, research has been focused on the production and application of ferrate(VI) salts in-situ to avoid its degradation through transportation [17, 43] .
Review
This paper reviewed the progress made in the production of ferrate(VI) salts based on electrochemical, wet oxidation and dry methods, stability and characterization methods of the product as well as its application in water and wastewater treatment. Analytical techniques currently used to characterise and to quantify the ferrate(VI) ion have also been reviewed, namely: infrared spectrometry, X-ray diffraction, scanning electron microscopy, Mössbauer and ultraviolet-visible spectroscopy, thermogravimetric analysis and volumetric titration method [44, 45] . Different studies carried out on the application of ferrate(VI) in water, domestic sewage and wastewater treatment are also presented in this review. The authors concentrated on the current processes made in the potential use of ferrate(VI) in water treatment, decomposition of organic and inorganic contaminants, emerging micropollutants and the analysis of the toxicity organic by-products generated from ferrate(VI) salts in treated water and wastewater. Lastly, the authors recommend continuing to implement this multifunction chemical (disinfectant, coagulant, oxidant, and flocculant) in practice for the future research, especially in water and wastewater as well as in acid mine drainage treatment.
PRODUCTION OF FERRATE(VI) SALTS
Different ferrate(VI) salts are now being produced by mixing potassium nitrate and iron filings at high temperature [17] . After dissolving the molten residue in water, an unstable red-purple compound Review appears by revealing the existence of potassium ferrate (K 2 Fe VI O 4 ) in the solution. Moreover, some methods have been successfully confirmed during the production of different ferrate(VI) salts, viz., wet oxidation, dry oxidation or thermal and electrochemical methods [22, 46] . Among these methods, the electrochemical method was the one which attracted many researchers in the 20 th century. Normally, the ferrate(VI) salts can be formed with the chemical formula M x FeO 4 , where M stands for two atoms of K, Na, Ag, Cs or one atom of Ba or Ca [47] . Ferrate(VI) salts may be prepared using iron(III) salts either in solid state or liquid solutions such as ferric chloride, ferric nitrate, ferric sulphate or ferrous salts with an oxidant containing chloride ion (e.g. hypochlorite) in a strong base such as sodium carbonate and sodium hydroxide for wet oxidation method and the reaction of ferric oxides with sodium peroxide for dry method [48] [49] [50] . Other mixed cation ferrates such as potassium-sodium double ferrate and potassiumstrontium double ferrate(VI) salts can also be synthesised. For example, potassium-sodium double ferrate can be synthesised by adding potassium hydroxide to 40% sodium hydroxide containing 0.1 M ferrate ions [51] . However, the crystals that precipitated out of the reaction are collected and washed and dried under a vacuum while potassium-strontium double ferrate(VI) is produced by precipitating with an alkaline solution of nitrate from a slightly alkaline solution of potassium ferrate [51] . These promising methods for synthesising ferrate(VI) are briefly described in the next paragraphs.
Wet oxidation method for ferrate production
The wet oxidation method for ferrate production has been extensively used by several researchers to produce solid or liquid ferrate, especially sodium and potassium ferrate(VI) [52] [53] [54] . Generally, this method uses cheap and less toxic chemicals such as sodium hypochlorite, any source of ferric ions, and alkalis such as sodium hydroxide, potassium hydroxide, calcium hydroxide, which are also familiarly used in the treatment of water and industrial wastewater. Researchers have preferred to utilise either ferrous or ferric salts as a main source of iron to be oxidised into ferrate(VI), calcium or sodium hypochlorite preferably with higher concentrations greater than 12% or sodium thiosulphate or chlorine as oxidisers, and sodium hydroxide or carbonate or potassium hydroxide to increase the pH of the medium [17] . For instance, Thompson et al. [52] reacted liquid FeCl 3 with NaOCl in the presence of NaOH to yield a sodium ferrate (Na 2 Fe VI O 4 ) as shown in Equation 1.
From equation 1, ferric chloride is the iron source and can be replaced by other ferrous or ferric salts such as ferrous sulphate heptahydrate, ferric nitrate nonahydrate, ferric hydroxide or oxide, and ferric sulphate nonahydrate, etc. In some case, the mentioned oxidisers can also be replaced by a chlorine gas. Numerous measures have been set to synthesise solid Na 2 FeO 4 , though, there were many complications in separating any solid products from the resulting solutions, as this ferrate salt has a high solubility in a concentrated NaOH solution [28] . For the purpose of raising the ferrate(VI) production efficiency, KOH replaced NaOH and thus the transitional formation of Na 2 FeO 4 in the synthesis was stopped. Therefore, the yield of K 2 Fe(VI)O 4 salt increased up to 75%. The high purity of the solid product can be made up to 99%, by a precipitation process where K 2 FeO 4 can be isolated or precipitated out from the potassium hydroxide solution as shown in Equation 2 and by carrying out numerous dissolution and precipitation steps [55, 56] . Though, the process consumes a lot of alkali solutions and thus, has made the high purity ferrate(VI) salts very expensive [17, 53, 57] .
The preparation of other alkali metal ferrate(VI) salts such as rubidium or caesium ferrate(VI) can also follow the same procedure of sodium and potassium. In addition, through this wet method, alkaline earth metal ferrate(VI) salts such as strontium or barium can also be prepared in a highly alkaline Review potassium ferrate(VI) as shown in Equation 3 [48, 49, 57] .
However, the application of barium ferrate in water and wastewater treatment is constrained by the toxicity of barium ion released. Hence, ideally ferrate salts should include counter ions such as sodium, potassium, magnesium and calcium with no toxicity in product water. The production of ferrate by wet methods is widely reported in literature, however, the solution of ferrate produced is highly unstable. Hence, more studies need to be done to produce either solid or liquid ferrate of high stability at high concentrations in order to use it in water and wastewater treatment conveniently.
Thermal method for ferrate production
The thermal method for ferrate production which is also known as the dry oxidation method has been intensively used in the beginning as a trial method by many researchers to synthesise solid ferrate salts [58] . These researchers produced ferrate salts by calcinating together iron filings with nitrates or by mixing iron oxides with alkali and nitrates at high temperature [58, 59] . Ferrate salts can also be prepared using the thermal method by calcinating a mixture of K 2 O 2 with Fe 2 O 3 or by heating Fe 2 O 3 with Na 2 O 2 at elevated temperature and pressure with a continuous flow of dry oxygen [17, 58] . However, the resulting products were considered to contain Fe4O 5 4anions, which can be further hydrolysed to form a tetrahedral FeO 4 2ion as shown in Equation 4 , resulting in a red-violet solution [60] .
To avoid detonation, this method has been tried at room temperature by several [23, 61, 62] . For example, Evrard et al. [61] combined ferrous sulphate heptahydrate with calcium hypochlorite to produce potassium sulphatoferrate as shown in Equation 5 .
Even though this process has been comparatively recognised as high production efficiency of ferrate(VI), it has been considered as non-economic since calcium hypochlorite is still an expensive oxidant [23] . Therefore, Kanari et al. [62] substituted calcium hypochlorite by chlorine for the oxidation of ferrous sulphate. The dry synthesis at high temperature is an advantageous process compared to the wet method, which may cause the decomposition of the final product in an aqueous medium. At the same time, the thermal method has got its own limitation, showing a lower thermal stability. Even if this method can look to be a green technology because of recycling various iron waste materials, it is no longer being used to prepare ferrate(VI) salts due to the fact that elevated temperatures can enhance detonation, which is considered dangerous and too difficult to control. There is no or little evidence in literature to support the use of thermal method for mass production of ferrate to meet the needs of water and wastewater treatment sectors. Hence, there is still a huge opportunity to develop commercially viable ferrate production technologies capable of producing quantities which will meet water and wastewater treatment sectors cost-effectively.
Electrochemical method for ferrate production
The last method used to prepare ferrate(VI) salts in this review is the electrochemical process. Through this method, ferrate(VI) salts can be produced by anodic oxidation of iron(II) electrode in an electrolysis cell comprising of a concentrated solution of KOH(aq) or NaOH(aq) [43, 45] . The main cathodic and anodic reactions involved in this method are represented by equations 6-9.
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Cathodic reaction: 6H 2 O (aq) + 6e -→ 3H 2(g) + 6OH -(aq) (6) Anodic reaction: Fe 2+ (aq) + 8OH -(aq) → FeO 4 2-
Overall reaction:
And: FeO 4 2-
The electrochemical synthesis of ferrate(VI) can generate a pure product with respect to other preparation methods. Moreover, the anodic polarisation of the iron electrode in the molten hydroxide is more reasonable when compared to the conventional electrolysis in an aqueous medium since ferrate(VI) is decomposed by water and passivation significantly is reduced in this environment [63] . However, there exists some drawbacks related with electrochemical method of ferrate(VI) salt production, including the production of a residual passive film on the surface of the electrode and the level to which the competitive oxygen evolution reaction is present, at the ferrate(VI) formation potential to room temperature. All of this can decrease the efficiency of the ferrate(VI) synthesis procedure [9] . It also involves high concentrations of electrolytes and can encounter some difficulties with the current. Furthermore, the use of potassium hydroxide for the synthesis of K 2 FeO 4 and applications in water treatment will also have the same restrictions. The separation of solid or dry K 2 FeO 4 can also involve several procedures; causing economic disadvantages. However, to reduce the cost of synthesis of ferrate(VI), sodium hydroxide was proposed as the best alkaline medium during this electrochemical method [45] . Electrochemical techniques of ferrate production are still too expensive to produce enough quantities which will meet the needs of water and wastewater treatment sectors.
CHARACTERISATION OF SYNTHESISED FERRATE(VI)
As usual, once the product is synthesised, it needs to be physically and chemically characterised to confirm if the expected product was formed. However, there are many techniques which are utilised to characterise the produced ferrate(VI) according to its physical and chemical properties [64] . These analytical techniques are described in the following paragraphs.
Quantitative estimation of ferrate(VI)
Ferrate(VI) may be analysed quantitatively by the methods described in the following subsections.
Volumetric analysis method
In this method, the prepared ferrate(VI) solution is allowed to oxidise the chromite salt (in excess) as a shown in Equation 10:
However, the oxidised chromate can be then titrated with an iron(II) salt solution in an acidic medium. The sodium diphenylamine sulfonate can further be served as a suitable indicator [44, 65, 66] . Even if the volumetric analysis technique is used for quantitative analysis of ferrate(VI) salts, degradation of these salts is very rapid in aqueous solution. Thus, phosphate buffer solution is highly needed to keep pH of the ferrate(VI) solution at 8. The other biggest disadvantage of this method is that the generated waste needs to be kept and treated before being discarded as it normally produces chromium residual, which is highly a toxic metal for both humans and the environment [44] .
UV-Visible (UV-Vis) spectroscopy
The UV-Vis technique also known as a direct colorimetric method is suitable for quantification of Review liquid ferrate(VI) solution. It is founded on determining the concentration of a given solution due to the intensity of the colour absorbed. In the case of ferrate(VI), the characteristic darkish purple colour corresponds to the visible spectrum between 500 and 800 nm [67] . Bielski and Thomas [68] observed a valuable peak at 510 nm at pH 10 with a shoulder of 275 and 320 nm. Denvir and Pletcher [69] also reported the absorption spectrum of ferrate(VI) at 505 nm. Two minima of absorbance at 400 and 678 nm and another absorption shoulder at 570 nm have been observed [60, 70] . The molar absorptivity of ferrate(VI) salt was confirmed to vary between 1150 and 1170 M -1 cm -1 , which can help to determine quantitatively the concentration of ferrate(VI) at pH 9 [44, 71] . Like other methods in analytical chemistry, this method presented some drawbacks because some salts such as barium ferrate(VI) are characterised by low solubility especially in aqueous solution. Moreover, most ferrate(VI) salts tend to decompose in aqueous solution into ferric hydroxides, which can provoke some noise peaks during UV-Vis analysis. This can be avoided by mixing phosphate buffer with ferrate(VI) solution to make complexes with these ferric hydroxides. This technique can also be applied to determine the rate constants of reactions of ferrate(VI) [72] .
Indirect method of ferrate(VI) determination using ABTS Lee, Yoon and von Gunten [72] proposed an indirect method to find out even the lower concentration of ferrate(VI) that can be difficult to measure using 2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonate) (ABTS). However, the colourless ABTS interacts with ferrate(VI) to generate ABTS• + (a green radical cation of ABTS), which normally shows a representative peak at 415 nm [44, 72, 73] .
Fourier transform-infrared (FT-IR) spectroscopy
The FT-IR is a method which is frequently used by many researchers to characterise different ferrate salts in a powder form. It normally uses two types of methods, which are diffuse reflection method and Nujol method. When measuring an infrared spectrum using the diffuse reflection method, the sample powder is normally not measured directly, but diluted in an alkali halide, such as KBr by forming a sheet that is transparent in the infrared region. For the Nujol method, the sample is distributed in a liquid of approximately equal refractive index, and the infrared spectrum is further measured. Generally, the powder is dispersed in non-volatile liquid paraffin (Nujol) that has low absorption in the infrared region. FT-IR provides a primary peak for ferrate salt around 808 cm -1 and a shoulder peak can also be observed approximately at 780 cm -1 , which point out to the asymmetric stretching vibrations of the ironoxygen bond in the ferrate(VI) compound [74] . The more the intensity of the characteristic vibrational peak of ferrate(VI) is strong, more the purity of the prepared ferrate(VI) is also higher. FT-IR can also be used to study the structures of degraded pollutants after being exposed to ferrate as an oxidant [8] .
Scanning electron microscopic study
The Scanning electron microscopy (SEM) is currently used to characterise the ferrate(VI) salts in the powder form by providing some micrographs or structural images of the product. For example, Lei, Zhou, Cheng & Du [60] characterised the potassium ferrate(VI) using the SEM analysis where the crystals obtained were plump, columnar and had cone-shaped growth surface at the two ends of the crystalline grains.
X-Ray powder Diffraction (XRD) method
The XRD is another method which goes together with FT-IR and SEM analyses in order to confirm the crystallinity, structures and magnetic properties of the ferrate(VI) salts. The XRD is one of the analytical facilities used to indicate the presence of ferrate(VI) by demonstrating the isomorphism with other ferrate salts obtained in the literature [45, 60] . For example, in the study conducted by Lei, Zhou, Cheng and Du [60] , their XRD pattern results indicated an orthorhombic crystal structure of ferrate(VI) salt.
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Mössbauer spectroscopy
Mössbauer spectroscopy allows detecting the oxidation state of iron. Thus, it can help to determine the degradation rate of Fe(VI) in ferrate(VI) ion over time. It also helps to check the presence of a magnetic order at low temperature [44, 45] .
STABILITY STUDIES OF FERRATE(VI) SALTS
Stability of ferrate(VI) solution depends on factors such as coexisting ions in the solution, temperature, pH and concentration of the solution. About the temperature of the solution, research showed that are more stable at a low temperature approximately at 0.5 ºC. For example, a solution of 0.01 M ferrate(VI) remained almost unaffected for a period of 2 hours at 0.5 ºC while a reduction of 10% was observed when was increased to 25 ºC [75] . About the concentration of the solution, studies revealed that highly concentrated solutions of ferrate(VI) are unstable compared to their serial dilutions. For conservation or coexistence of ions and pH of the solution, coexistence of ions such as Fe 2+ , Mn 2+ , CO 3 2has been reported to affect the stability of Fe(VI) in previous studies and spontaneous decomposition was shown to be directly proportional to the decrease of pH value [55] . Phosphate buffer solution and high concentration of potassium hydroxide (more than 10 M) were found to retard the ferrate(VI) degradation. Nitrate ions and diatomite can also be used for the conservation of ferrate(VI) salts [75] . In another study, sodium ferrate(VI) in 50% of sodium hydroxide degrades gradually at ambient temperature and can be preserved with slight degradation for a period of one month at 0 ºC [76] . Solid ferrate(VI) salts showed to be more stable compared to their dissolved derivatives. Due to its high stability, dry potassium ferrate(VI) at temperature below 198 ºC can be used to prepare other ferrate(VI) salts such as silver, strontium and barium ferrate(VI) salts [77] . Despite these factors that can affect the stability of ferrate(VI), some preparation methods can conduct to an unstable product. Wet oxidation method is the one showed to be more successful and practical compared to electrochemical and dry methods, but it also showed some weaknesses of generating an unstable ferrate(VI) product as the reaction occurs in the aqueous medium. In-situ electrochemical synthesis of ferrate(VI) can be also a reliable technique for getting a more stable product. In the study conducted by Panagoulopoulos [78] at the University of Surrey to assess the performance of K 2 FeO 4 in water and wastewater treatment, conservation conditions showed that light has no effect on the stability of ferrate(VI) solutions.
APPLICATION OF FERRATE(VI) SALTS
The ability of ferrate(VI) to act as a disinfectant, flocculant, oxidant, and coagulant makes it more attractive than other existing chemicals currently being applied in water and wastewater treatments such as aluminum sulphate, ferric chloride, potassium permanganate and chromium trioxide. However, using ferrate(VI) as a multipurpose chemical offers several advantages such as reduction of cost for treatment due to coagulating and oxidising properties in a single dosing and mixing unit and generating environmentally friendly by-products [58, 79] . For example, De Luca et al. [80] compared the coagulating activities of ferrate(VI) to alum, and their results showed that ferrate(VI) removed the higher percentage of bromodichloromethane, 1,2-dichlorobenzene, naphthalene, and trichloroethylene when coupled with paddle or gas flocculation than alum. Two oxidation methods, viz., Fenton's reagent and ferrate(VI), treating mature leachate containing organic material such as humic substances from landfills were also compared in another similar study conducted by Batarseh et al. [81] . Fenton's reagent is also known as a powerful AOP, which uses hydrogen peroxide and iron(II) to generate the hydroxyl-free radical. Like ferrate(VI), Fenton's reagent may also act as a coagulant because of the ferrous iron generated through its sequestration. However, both oxidation methods were found to remove organic materials through physical and chemical processes. Even if Fenton's reagent reduced dissolved organic carbon (DOC) and chemical oxygen demand (COD) more than ferrate(VI) and generated more readily biodegradable by-products (BBPs), ferrate(VI) was more advantageous because it was active over a wider pH range [81] . The lower the pH, the greater removal of organic compounds revealing the strong capacity of ferrate(VI) to work in the acidic medium. Both processes reduced leachate organic content to acceptable release limits. However, the Fenton's reagent could be utilised as a pre-treatment to biological treatment while ferrate(VI) should be used where BBPs are not required [81] . Ferrate(VI) has also been applied to oxidise different pollutants such as sulphur-and nitrogen-containing compounds [21] . Results showed that the reaction between ferrate(VI) and sulphur or nitrogen-containing pollutants followed the first-order reaction kinetics with the reaction rate increasing with a decrease in pH values. At stoichiometric values, ferrate(VI) was able to oxidise hydrogen thiocyanate, thioacetamide, sulphide, thiourea, and cyanide to non-hazardous by-products. Ferrate(VI) also sequestrates into ferric ions in an aqueous medium, another harmless by-product which can further be used in the coagulation processes [24, 50, 79, 82] . During coagulation, the floc size is larger when applying ferrate(VI) as opposed to alum, suggesting that a ferrate(VI) is a better coagulant because of reduced turbidity observed in highly organic waters [22, 41] . When used as a disinfectant, studies have shown that ferrate(VI) salt is more effective than chlorine in reducing different types of bacteria and viruses [37, 78] . Furthermore, ferrate(VI) has been used to control odour, to remove pharmaceutical pollutants such as amoxicillin, ciprofloxacin, 2,4-dichlorophenoxyacetic acid, and flurbiprofen from wastewater [74] , to stabilise and dewater primary sludge [83] , and to remove freshwater humic substances from water [84] .
Interest has also been focused on the reaction of ferrate(VI) salts with several organic contaminants. For example, Waite and Gilbert [85] studied the impact of ferrate(VI) on benzene, toluene, xylene, chlorobenzene, nitrobenzene, aniline, allylbenzene, and phenol. Phenol and naphthalene were also 100% degraded during a study performed by De Luca et al. [86] . Trichloroethylene was also significantly degraded at 96.2%. Graham et al. [87] found the decomposition of phenol by ferrate(VI) ion at a molar ratio of 5:1 [ferrate(VI): phenol] to be greatest at pH 9.2. The degradation greatly decreased to a pH of 11 due to the low reactivity of ferrate(VI). Very different outcomes were obtained for the reaction between ferrate(VI) and 2,4-trichlorophenol (TCP). The pH range for the highest decay was 5.8-7.0. Above 7, the degradation of TCP decreased progressively. The molar ratio of 5:1 again gave the highest percentage degradation around 87%. Recently, Sun et al. [88] also produced ferrate(VI) solution using the electrochemical method and this has been used to decompose phenol in water at two concentration levels (2 and 5 ppm). The maximum degradation efficiency was approximately 70% and the optimum pH for phenol treatment was 9.0 [88] . Experimental studies conducted by treating phenol using other predictable coagulants such as polyaluminum chloride (PAC) and ferric chloride revealed that the elimination of phenol by ferrate(VI) occurred mostly by oxidative conversion [88] . In another study, the removal of fulvic acids (FA) and humic substances (HS) with ferrate(VI) has also created attention because of its coagulating and oxidising properties. The proper dose of ferrate(VI) and the pH of the reaction between ferrate(VI) and HS or FA were optimised [24] . The ferrate(VI) dosages ranged from 0 to 20 ppm and the pH values tested were 4, 5, 6 and 8. The effectiveness of ferrate (VI) was tested against the performance of ferric sulphate (FS) to reduce the compounds listed above [89] . Ferrate(VI) performed better than FS at removing DOC at pH 6 and 8, and a dosing range of 2-12 ppm as Fe. Over a dosing range of 2-14 ppm as Fe with the same values of pH, ferrate(VI) also removed more UV 254-absorbing compounds. Ferrate(VI) was successful at removing colour at all pH ranges and at dosages of 6 ppm or greater [89] . At low dosages, ferrate(VI) was superior to FS for preventing THM formation. Although, at higher dosages of ferrate(VI), THM formation increased, while for FS, the THM formation remained constant [89] . The above results showed that ferrate(VI) was superior to FS in eliminating natural organic matter, which can produce DBPs when reacting with chlorine. The study of Cooley [89] also compared the capacity of ferrate(VI), chlorine, aluminum sulphate (AS), and FS in inactivation of E. coli, removal of total COD and dissolved COD. Ferrate(VI) required a much lower dosage requirement of 6 ppm as Fe to inactivate 100% E. coli, while FS with chlorine required either 4 or 8 ppm as Fe, and 10 or 8 ppm as chlorine, respectively. Lastly, less sludge was produced, while more pollutants were removed, when ferrate(VI) was used as a coagulant. The same concentrations of AS and FS were used as ferrate(VI), in millimoles as aluminum or iron, respectively. At lower dosages, Review ferrate(VI) still generated less sludge and removed more pollutants [89] . These experimental studies further confirmed that ferrate(VI) can be applied as a disinfectant, oxidant and coagulant of wastewater and water treatment. Decomposition of benzothiophene (BT) in an aqueous medium by K 2 FeO 4 was also investigated [90, 91] . The decomposition efficiency of BT has been recorded at several values of pH and ferrate(VI) dosages at a fixed initial concentration of BT. This BT was removed promptly within 30 seconds by K 2 FeO 4 while the highest decomposition efficiency was reached at pH 5 and the lowest one at pH 9. Similarly, the initial rate constant of BT increased with the decreasing of the initial concentration of BT [92] . Lee and Tiwari [92] used ferrate(VI) to remove Ni, Cu and Cu-Ni cyanide complexes in an effort to deal with metal-complexed cyanide wastes. On one hand, for Ni and Cu cyanide system, a fast and productive oxidation of cyanide ion happened at pH 10 in these complexes; almost a complete Cu removal was relatively reached at pH 13. On the other hand, Ni concentration was only attenuated at pH 10 through precipitation process and then decreased when pH increased to 13 [92] . Comparable results were also detected in Cu-Ni cyanide complex, where a complete removal of Cu and CN was attained treating with ferrate(VI) while Ni was partially eliminated. Li, Wang, Liu and Zhang [5] and Lee, Um and Yoon [10] investigated the oxidising ability of the K 2 FeO 4 , ferrate(VI)hypochlorite liquid mixture and KMnO 4 by decolourising the azo dye Orange II. However, K 2 FeO 4 showed to be more effective than KMnO 4 while the ferrate(VI)-hypochlorite liquid mixture containing a residual hypochlorite was even more effective whether the low dosage of ferrate(VI) solution or high concentration of dye was used. The initial pH of the solution had little influence on the colour elimination by the ferrate(VI)-hypochlorite liquid mixture. KMnO 4 was also applied to degrade an Active Brillant Red X-3B (9% of TOC and 42% of COD and 99% of colour removal) [93] and for wastewater treatment comprising anthraquinone and azo dyes (colour removal of 87%) [13] . Additionally, the oxidation ability of ferrate(VI) to remove various pollutants in water and wastewater has been established [44] . These pollutants include thiocyanates, sulphides, ammonia, metal cyanide complexes, iodides, heavy metals, carbohydrates, cycloalkanes, toluene, alcohols, ketones, phenols, aminobenzene, emerging micropollutants such as pharmaceutical and personal care products (PPCPs) and endocrine disrupting chemicals (EDCs), triclosan and benzotriazoles. Among these environmental pollutants, ferrate(VI) showed to be very effective in the removal of arsenic species from water at a comparatively low concentration level (2 ppm) [44, 92, [94] [95] [96] . Moreover, the combined application of low concentration of ferrate(VI) (below 0.5 ppm) and Fe(III) as the main coagulant agent was found to be an effective process for the arsenic removal. Pharmaceuticals in water and wastewater treatment processes, including photo-catalytic degradation, ozonation and other AOPs have been explored by several researchers [74] . Lately, ferrate(VI) has been studied widely, as it could be an effective alternative to conventional AOPs for the degradation of pharmaceutical pollutants. Ferrate(VI) has many benefits due to its oxidising and coagulating properties. Thus, ferrate(VI) is likely to be one of the most useful and multifunction chemicals in water and wastewater treatments. Ferrate(VI) has been applied in the breakdown of N-nitrosodimethylamine (NDMA) from aqueous media under the simulated batch reactor (SBR) operations [29] . The degradation of NDMA was followed by the second-order rate constant at a wide pH range of 6-12 [97] . A β-blocker propranolol was also treated with ferrate(VI) in the SBR system [98] . A preliminary but useful study was conducted for the detection and treatment of ciprofloxacin from wastewaters. It was found that ferrate(VI) enabled to remove more than 60% of ciprofloxacin and this was even increased at higher concentrations of ferrate(VI), that is, at 1 ppm [96] . The 5-chloro-2-[2,4dichlorophenoxy]-phenol with commercial name of Triclosan, which is an antimicrobial agent and extensively used as PCPs, seemingly enters into the aquatic environment was treated with ferrate(VI) at pH ranging between 7 and 10. The overall apparent rate constant was found to be 746 M −1 s −1 at pH 7.0 and a complete decomposition was reached at the ferrate(VI) to pollutant ratio of 10:1 [94] . Bisphenol-A (BPA) was degraded slightly at acidic conditions pH range of 5-6 and showed that about 50% of BPA was apparently mineralised at the ferrate(VI)/BPA molar ratio 4:1. It was also confirmed that the oxidation of BPA was suppressed in the presence of metasilicate, humic acid and tert-butanol,
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whereas the oxidation of BPA was further increased in the presence of hydrogen carbonate ions [99] . A more descriptive study was also conducted in the oxidative removal of other EDCs, namely: 17α-ethynylestradiol (EE2), estriol (E3), β-estradiol (E2), and estrone (E1) at a pH range 8 to 12 [44, 95] . The results indicated that ferrate(VI) was more reactive at lower pH conditions and also followed secondorder rate kinetics in the degradation of these pollutants [100] . These studies confirmed that ferrate(VI) is a strong oxidant for efficient degradation of water emerging micropollutants such as PCPs and EDCs as well as pharmaceuticals. Other studies also demonstrated that ferrate(VI) is a useful oxidant in the degradation of several metal-complexed species, organic and inorganic pollutants and the sequestrated ferrate(VI) into iron(III) enabled to remove significantly the free metallic impurities by coagulation process [92, 101, 102] . Also, all advantages and disadvantages of using ferrate(VI) as oxidant and disinfectant are shown in Table I . 
CONCLUSION
This review found that ferrate(VI) salts are currently applied in water and wastewater treatment processes at piloting levels due to their strong oxidising, disinfecting, flocculating and coagulating tendencies. The reviewed studies also indicated that ferrate(VI) can remove bacteria, partially or totally Review oxidise or degrade inorganic and organic pollutants, emerging micropollutants such as EDCs, PPCPs, illicit drugs, reduce or completely precipitate suspended particulate materials, metals, and metalcomplexed species in a single mixing and dosing unit. Other studies also demonstrated that ferrate(VI) is a useful coagulating agent as the sequestrated ferrate(VI) into iron(III) (environmentally-friendly ferricbased compounds) enabled to remove significantly free metallic impurities through coagulation and sedimentation processes. Under acidic conditions, the oxidation potential of the ferrate(VI) salts is higher than any other oxidant that can be applied in water and wastewater treatment processes. Regardless of several valuable properties in environmental studies, ferrate(VI) continued to be unavailable on the market due to the high cost of production and chemical instability. Three promising methods for manufacturing liquid of solid ferrate(VI) were also identified in this review, namely: wet chemical oxidation method, dry method and electrochemical method. For this reason, several studies have been conducted to explore its effective application in full-scale water and wastewater treatments. Stability of ferrate(VI) solution depends on many factors such as coexisting ions in the solution, temperature, pH and concentration. For temperature of the solution, research showed that ferrate(VI) salts are more stable at low temperature approximately at 0.5 ºC. Phosphate buffer solution and high concentration of potassium hydroxide (more than 10 M) were found to retard or decline the ferrate(VI) degradation. Nitrate ions and diatomite can also be used for the conservation of ferrate(VI) salts. In another study, sodium ferrate(VI) in 50% of sodium hydroxide degrades gradually at ambient temperature and can be preserved with slight degradation for a period of one month at 0 ºC. Solid ferrate(VI) salts showed to be more stable compared to their dissolved derivatives. Wet oxidation method is the one showed to be more successful and practical compare to electrochemical and dry methods, but it also showed some weaknesses of generating an unstable ferrate(VI) product as the reaction occurs in the aqueous medium. To avoid this, washing and drying of the final product can direct to the stable ferrate(VI). Insitu electrochemical preparation of ferrate(VI) can also be a reliable technique for getting a more stable product. Lastly, conservation conditions showed that light has no effect on the stability of ferrate(VI) solutions.
Recommendations
Much work has been done on water and wastewater treatment by removing, degrading, disinfecting, and oxidising different inorganic and organic pollutants as well as emerging micropollutants, but a few works have been done on removing metals from wastewater as well as for acid mine drainage (AMD) using ferrate(VI) salts. The authors recommend also to apply these ferrate(VI) salts in AMD treatment as they can work as a powerful disinfectant, coagulant and oxidant in order to reduce the energy consumption during aeration and pumping, and prevent generation of toxic by-products currently encountered during the AMD treatment. Self-decomposition of ferrate(VI) salts provides ferric ions in the solution and latter can be used to remove sulphates and other metal ions through co-precipitation and coagulation processes.
